Organic-inorganic bismuth (III)-based material: A lead-free, air-stable and solution-processable light-absorber beyond organolead perovskites by Lyu, Miaoqiang et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Lyu, Miaoqiang, Yun, Jung-Ho, Cai, Molang, Jiao, Yalong, Bernhardt, Paul
V., Zhang, Meng, Wang, Qiong, Du, Aijun, Wang, Hongxia, Liu, Gang, &
Wang, Lianzhou
(2016)
Organic–inorganic bismuth (III)-based material: A lead-free, air-stable and
solution-processable light-absorber beyond organolead perovskites.
Nano Research, 9(3), pp. 692-702.
This file was downloaded from: https://eprints.qut.edu.au/94710/
c© Copyright 2015 Tsinghua University Press and Springer-Verlag
Berlin Heidelberg
The final publication is available at Springer via
http://dx.doi.org/10.1007/s12274-015-0948-y
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
https://doi.org/10.1007/s12274-015-0948-y
Organic-inorganic bismuth (III)-based material: a 1 
lead-free, air-stable and solution-processable light-2 
absorber beyond organolead perovskites 3 
Miaoqiang Lyu
 a
, Jung-Ho Yun
 a
, Molang Cai
 b
, Ya-Long Jiao
 b
, Paul V. Bernhardt
 c
,
 
Meng 4 
Zhang
 a
, Qiong Wang
 a
, Aijun Du
 b
, Hongxia Wang
 b
,
 
Gang Liu
 d
,
 
and Lianzhou Wang
 a*
 5 
a Nanomaterials Centre, School of Chemical Engineering and AIBN, the University of Queensland, St 6 
Lucia, Brisbane, QLD 4072, Australia. Email: l.wang@uq.edu.au,  7 
b School of Chemistry, Physics and Mechanical Engineering, Science and Engineering Faculty, 8 
Queensland University of Technology, Brisbane, QLD 4001, Australia.. 9 
c School of Chemistry and Molecular Biosciences, the University of Queensland, Brisbane 4072, 10 
Australia 11 
d Advanced Carbon Division, Institute of Metal Research Chinese Academy of Sciences (IMR CAS), 12 
72 Wenhua Road, Shenyang, China,110016 13 
Abstract 14 
Methylammonium bismuth (III) iodide single-crystals and films are developed and 15 
investigated systematically. By applying this organic-inorganic bismuth-based material in 16 
replace of lead/tin based perovskite materials in solution-processable solar cells, the new  17 
bismuth-based material exhibits the advantages of non-toxicity, ambient stability and low-18 
temperature solution-processibility, providing a promising solution to address the toxicity and 19 
stability challenges in organolead and organotin based perovskite solar cells, respectively. 20 
The results reported herein also represents the first example of using tri-valence metal cation 21 
based organic-inorganic perovskite material for photovoltaic application, which may open up 22 
opportunities in developing new hybrid materials beyond divalent metal cation (Pb (II) and 23 
Sn (II)) for new generation solar cell application.  24 
Keywords: methylammonium bismuth (III) iodide; perovskite solar cells; tri-valent cations; 25 
toxcicity; stability; organic-inorganic hybrid material;  26 
Introduction 27 
Solar cells based on organolead halide perovskites have seen rapid progress as one of the 28 
most promising photovoltaic technologies, owing to their solution-processability, low-cost 29 
and high efficiencies in the past few years.
1-4
 To date, over 20% efficiencies have been 30 
achieved based on lead-containing organic-inorganic halide perovskites.
5,6
 However, serious 31 
concerns on the use of toxic lead as well as the instability of these perovskites in humid 32 
condition have triggered research efforts towards developing non-toxic and stable organic-33 
inorganic alternatives, which is critically important for their market acceptance in future 34 
commercialization.
3,7,8
 To address the toxicity issue, for example, tin-based halide perovskites, 35 
such as CsSnI3, CH3NH3SnI3 and CH3NH3SnI3-xBrx, have been reported recently.
9-11
 36 
Although over 5% efficiencies have been achieved, those tin-based perovskites are not stable 37 
in the air due to oxidation of Sn
2+
 to Sn
4+
 and this oxidation process occurs so rapidly that all 38 
the device assembling and characterizing processes have to be done under an inert 39 
atmosphere.
11
 The (CH3NH3)2CuCl4-xBrx was recently reported, showing satisfactory stability 40 
in the air with the presence of Cl. By adjusting the ratio between Cl and Br, the band-gap of 41 
this layered perovskite material can range from 2.48 eV to 1.80 eV. However, a low 42 
efficiency of less than 0.02% was achieved.
12
 To address the moisture instability, Smith et al. 43 
reported a layered hybrid perovskite with markedly enhanced stability in ambient humidity.
13
 44 
Moreover, bromide-doping has been found to improve the stability of the hybrid perovskites 45 
as well.
14
 However, all the above-mentioned reports are still based on lead-containing 46 
perovskites and thus the toxicity problem still exists. Therefore, the toxicity of the lead-47 
containing perovskites and instability of their tin-based counterparts are still two open 48 
research challenges in this research field.
7
  49 
    While organic-inorganic perovskites are among the largest families of hybrid materials, 50 
there are a wide range of other metal halide candidates exhibiting interesting properties. 51 
Organic-inorganic bismuth iodide based hybrid materials have attracted research interest 52 
because of their potential semiconducting character, rich structural diversity and interesting 53 
electronic and optical properties, for which the 6s
2
 lone pair of the Bi
3+
 plays an important 54 
role in the various material properties.
15-18
 Meanwhile, organic groups play a key role in 55 
determining connection manners of adjacent bismuth iodide octahedra in the crystal structure 56 
and hence influencing the electronic and optical properties of the bismuth hybrids. Combined 57 
with different organic groups, bismuth iodide octahedra can form mononuclear or polynuclear 58 
inorganic frameworks of corner-, edge- and face-sharing bismuth halogenoanions, leading to 59 
a wide range of structure possibility, and hence tunable electronic and optical properties.
19
 60 
Methylammonium bismuth iodide (CH3NH3)3Bi2I9 (MBI) comprises two face-sharing 61 
bismuth iodide octahedra and has been investigated previously, mainly focusing on its low-62 
temperature phase transitions, dielectric properties and optical studies.
17,18,20
 MBI can be 63 
considered as an analogue of the methylammonium lead/tin iodide by simply replacing the 64 
lead/tin cations with bismuth (III), whereas it does not adopt a perovskite structure. Motivated 65 
by the non-toxicity of the bismuth, we explore the possibility of applying MBI as a new light-66 
absorber alternative to organolead perovskite in the solution-processable solar cells. Previous 67 
studies on this material are very limited and most of them focused on single crystals of 68 
MBI.
17,18,20
 However, for practical applications in electric or optoelectric devices, techniques 69 
for preparing MBI films on certain substrates are more desirable, yet little has been published 70 
in this endeavour.  71 
Herein, we report a simple, low-temperature solution process to prepare MBI films. 72 
Detailed material and electronic properties are studied by both experimental and theoretical 73 
techniques. Moreover, we present the first demonstration of applying organic-inorganic 74 
methylammonium bismuth iodide in solution-processable solar cells. Even though the 75 
preliminary power conversion efficiency of the devices is low, the MBI shows its advantages 76 
of non-toxicity, stability in ambient air and humid environment and low-temperature solution-77 
processibility, which may address both the toxicity issue of lead-based perovskites and 78 
instability concern of tin-based ones. 79 
Experimental section 80 
Growth of single crystal (CH3NH3)3Bi2I9 81 
Typically, 0.2384 g of MAI and 0.5897 g of BiI3 were added to 2 ml of anhydrous methanol 82 
and the solution was mixed by ultra-sonication for ~ 0.5 h. Clear saturated (CH3NH3)3Bi2I9 83 
solution (0.5 ml) in methanol was transferred to another clean vial and the solvent was 84 
allowed to evaporate slowly overnight in the fume-hood at room temperature, leading to the 85 
formation of MBI single crystals on the inner wall of the vial. 86 
Fabrication of (CH3NH3)3Bi2I9 films 87 
The (CH3NH3)3Bi2I9 precursor solution was prepared by mixing 0.2384 g of MAI and 0.5897 88 
g of BiI3 in 1 ml of N, N-dimethylformamide, which was filtered by PTFE syringe filters 89 
(0.45 µm) before use. One-step spin-coating method was developed to deposit the MBI film 90 
on substrates (such as, FTO, glass slide and FTO covered with TiO2 mesoporous layers), in 91 
which 50 µL of CH3NH3)3Bi2I9 solution was dispensed onto the substrate and spin-coated at 92 
4000 RPM for 30s with a ramping rate of 4000 RPM/s, followed by heating at 100 ℃ for 10 93 
min on a hotplate. A reddish film was achieved after heating treatment. 94 
Assembly of solar cells 95 
FTO (fluorine-doped tin oxide) coated glass slides (FTO22-7, Yingkou OPV Tech New 96 
Energy Co. Ltd) were firstly pre-patterned by removing part of the conductive layer with 2 M 97 
HCl aqueous solution and zinc powder. The etched substrates were cleaned in acetone, 98 
ethanol and isopropanol, subsequently. After oxygen plasma treatment (RIE, ATX-600, 30 W, 99 
10 min), a thin TiO2 blocking layer was deposited by spray pyrolysis at 500 ℃ using  0.2 M 100 
isopropanol solution of titanium diisopropoxide bis(acetylacetonate) as the precursor solution. 101 
For planar-structured devices, (CH3NH3)3Bi2I9 was directly deposited on the FTO/TiO2 102 
blocking layer. For mesoporous-structured devices, a ~ 1.8-µm-thick TiO2 mesoporous layer 103 
was deposited onto the FTO/TiO2 blocking layer substrates by doctor blading. Detailed 104 
method for preparation of TiO2 mesoporous layer can be found in the Supporting Information 105 
section. After annealing treatment at 500 ℃ for 60 min, the TiO2 mesoporous layer covered 106 
FTO substrates were used for (CH3NH3)3Bi2I9 film deposition. Pristine P3HT (MW 54000-107 
75000, Sigma-Aldrich, 15mg/ml in 1, 2-dichlorobenzene) was used as the hole-transporting 108 
layer, which was spin-coated at 2000 RPM for 30s after 60s (?) soaking. Then, the coated 109 
substrates were further annealed at 100 ℃ for 15 min to remove the remaining solvent. 110 
Finally, a ~ 60 nm gold contact electrode was deposited by e-beam evaporation (Temescal 111 
FC-2000). The cell area was defined by a metal mask with an aperture area of 7.068 mm
2
. 112 
Results and discussion 113 
Preparation and study on the MBI single crystals 114 
Single crystals of MBI have been synthesized and investigated previously.
18
 However, 115 
detailed crystallographic data, as well as atomic coordinates, bond distances and bond angles 116 
were still missing, which are crucial for structural modelling and computational chemisty. To 117 
better understand the fundamental properties of the MBI, we developed a simple method to 118 
prepare MBI single crystals by slowly evaporating a methanol solution of BiI3 and CH3NH3I 119 
(1.5:1 in molar ratio). Although the solubility of BiI3 and CH3NH3I in methanol is not very 120 
good, slowly evaporation of its saturated solution gives MBI single crystals with a diameter 121 
ranging from 100 to 200 µm (Fig 1. (a)), which is large enough for single X-ray diffraction 122 
analysis. Also, it can be seen that the as-prepared MBI single crystal shows a regular 123 
hexagonal shape. 124 
According to the results from the single X-ray diffraction data, the crystal parameters of 125 
MBI can be derived. The main crystallographic data of MBI has been presented in the Table 1, 126 
and a more complete table as well as the information concerning the atomic coordinates, bond 127 
distances and bond angles are available in the Supporting Information (Table S1-S4). MBI 128 
crystals belong to the hexagonal system with a space group of P 63/mmc. Its lattice 129 
parameters are in accordance to the report by Jakubas and co-workers.
18
 A theoretical XRD 130 
spectrum of the MBI was calculated by Mercury 3.3 software (The Cambridge 131 
Crystallographic Data Centre (CCDC)) based on the results of single crystal X-ray diffraction 132 
measurement, as shown in Fig 1 (b). 133 
MBI films fabrication and characterizations 134 
For practical applications of the MBI, we developed a facile, low-temperature and solution-135 
processable technique for depositing the MBI film on fluorine-doped tin oxide (FTO) 136 
substrates or glass substrates, which was inspired by the fabrication technique of organolead 137 
perovskites.
1
 The precursor solution for MBI film deposition is composed of BiI3 and 138 
CH3NH3I (1.5:1 in molar ratio) in anhydrous N, N-dimethylformamide, which shows a dark 139 
red colour (Fig S1). The MBI film was prepared by spin-coating the precursor solution on 140 
substrates, followed by annealing treatment on a hot-plate at a low temperature (100 ℃). It is 141 
interesting to find that the organic-inorganic bismuth-based films can be deposited at a 142 
temperature as low as that of the organolead perovskites. Based on the MBI film deposited on 143 
the FTO substrate, powder X-ray diffraction (XRD) measurement was performed to confirm 144 
the crystal phase (Fig 1. (b)). The measured XRD spectrum of MBI matches its theoretical 145 
XRD pattern well, and all the peaks in the pattern can be assigned to a hexagonal structure, 146 
with no traces of any other phase or other impurities. The main peaks are indexed in Fig. 1 (b). 147 
The high intensity of [101] reflection (diffraction?) peak indicates preferred crystal 148 
orientation of the MBI film on the substrate. 149 
To determine the optical band gap of this material, a diffuse reflectance spectrum was 150 
recorded using an integrating sphere. According to the spectrum, the absorption onset of MBI 151 
film is located at ~550nm (Fig 1 (c)). Furthermore, the Kubelka-Munk equation was adopted 152 
to calculate optical band gap of the MBI film based on the diffuse reflectance spectrum.
21
 The 153 
optical band gap of MBI film is measured to be ~2.11eV (Fig 1 (d)). 154 
Fig 2 shows the surface morphology of the MBI film fabricated on the FTO/TiO2 blocking 155 
layer (BL) substrate and glass substrates, respectively. Hexagonal shaped MBI crystals are 156 
uniformly distributed on the FTO / TiO2 BL substrate, showing irregular orientation due to 157 
relatively high roughness factor of the FTO conductive layer. On the contrary, regular 158 
hexagonal shaped MBI crystals can be observed on the glass slide, due to the low roughness 159 
factor of the glass surface. The thickness of the MBI crystals is around 500nm, while the 160 
diameter of the single plate is up to several micrometres. 161 
X-ray photoelectron spectroscopy (XPS) was performed to confirm the elemental 162 
composition and valence of Bi and I of the MBI film (Fig 3.). According to the survey 163 
spectrum of MBI film, the detected elements include Bi, I, N, O, Sn and C (Fig S2). The O 164 
and Sn should be originated from the FTO glass. High-resolution scanned XPS spectra for I 165 
3d, Bi 4f, N 1s and C 1s are shown in Fig (c-f). Peaks for Bi 4f7/2 (158.8eV) and 4f5/2 (164 166 
eV), and I 3d5/2 (158.8eV) and 3d3/2 (164 eV) can be attributed to characteristic signals from 167 
the Bi
3+
 and I
-
 species, respectively. 168 
Electronic band structure and energy alignment calculations  169 
Bismuth iodide adopts a face-sharing bi-octahedral cluster in the MBI crystal, which is in 170 
accordance to the previous report.
18
 However, the [Bi2I9]
3-
 bi-octahedral anions are isolated 171 
from randomly disordered CH3NH3
+
 cation. In order to investigate the fundamental electronic 172 
band structure of the MBI, an optimized crystal model was established based on the single 173 
crystal XRD results, aiming to fix the position of CH3NH3
+
 cation and representing the 174 
possibly lowest energy state of this crystal (Fig 4 (a) and (b)). Fig 4 (c) shows the calculated 175 
electronic band structure based on the aforementioned crystal model, suggesting that the MBI 176 
crystal has an indirect band gap of ~2.25 eV, comprising filled I-5p orbits and empty hybrid I-177 
6p/Bi-6p orbits for the valence band maximum (VBM) and conduction band minimum 178 
(CBM), respectively. The calculated band gap is very close to the measured value (2.11 eV). 179 
The valence and conduction bands are well distributed in energy, which can be observed from 180 
the total density of states (DOS) in Fig 4 (d). The alignment of VBM and CBM with respect 181 
to the vacuum level for the MBI crystal was theoretically predicted based on the HSE06 182 
calculation.
22
 The calculated VBM and CBM are -5.70 eV and -3.45 eV, respectively. Also, 183 
Fermi energy level of the MBI crystal is predicted to be -5.25 eV based on the calculation 184 
results. 185 
Experimentally determination of energy band levels of the MBI  186 
In order to experimentally estimate the energetic position of the VBM with respect to the 187 
vacuum level, ultraviolet photoemission spectroscopy (UPS) was performed. The VBM 188 
position is usually determined by extrapolating the secondary electron cut-off (SECO) region, 189 
and the VBM of MBI  is located around -5.90 eV (Fig S5). Therefore, the CBM of the MBI 190 
crystal can be calculated based on the VBM value and the optical band gap of the MBI, which 191 
is determined to be -3.78 eV. 192 
Kelvin probe force microscopy (KPFM) was performed to determine the work function (or 193 
Fermi-level) of the MBI crystals. The MBI crystals display dark red colour, as shown in the 194 
colourful microscope image equipped on the KPFM (Fig 5 (a)). A regular hexagonal shaped 195 
MBI crystal was also evidently confirmed by the scanned atomic force microscope (AFM) 196 
images in Fig 5 (b). Surface potential image was performed on the same crystal. The surface 197 
potential (i.e. contact potential difference (CPD)) disperses uniformly on the MBI crystal (Fig 198 
5 (c)) and the averaged CPD is determined to be around -0.42±0.021 V from the cross-199 
sectional profile (Fig 5 (d)). The work function of the MBI crystal can be calculated 200 
according to Equation 1.
23
 201 
𝝋𝒔𝒂𝒎𝒑𝒍𝒆 = 𝝋𝒕𝒊𝒑 − 𝑪𝑷𝑫𝒔𝒂𝒎𝒑𝒍𝒆                        Equation (1) 202 
Here, φtip corresponds to the work function of a Pt-coated conductive cantilever probe, 203 
which is calibrated with highly oriented pyrolytic graphite (HOPG). Averaged φtip was 204 
determined to be 5.1±0.05eV. Hence the work function of the MBI sample is ~5.52±0.054 eV, 205 
which is comparable to that of the computational calculation (-5.25 eV). 206 
Assembly of solar cells and characterizations  207 
Based on the above-mentioned energy level study of the MBI crystals, an energy band 208 
diagram was summarized together with that of TiO2, P3HT and Au layers (Fig S5). Although 209 
the MBI crystal shows p-type conductive characteristic, its energy band level exhibits its 210 
possible potential as a light-absorber in solar cells with a device structure of FTO/TiO2 211 
BL/TiO2 mesoporous layer (mpl)+MBI+P3HT/Au. Therefore, the possibility of applying 212 
MBI as a light-absorber in solution-processable solar cells was investigated. The thicknesses 213 
of the TiO2 BL and TiO2 mpl are around ~ 100 nm and ~ 1.8 µm, respectively (Fig 6 (a)). 214 
Current-voltage (I-V) measurement was carried out and a preliminary efficiency of 0.19% 215 
was achieved with a photocurrent density (Jsc) of ~1.16 mA/cm
2
, an open-circuit voltage (Voc) 216 
of 0.354 V and a fill factor (FF) of 0.464. Since current-voltage hysteresis is one of the well-217 
known issues existing in the lead-based perovskite solar cells, we also investigated the 218 
hysteresis of the thus-assembled solar cells. 
7
 We measured the hysteresis of a device by 219 
obtaining I-V curves using both forward and reverse scan and interestingly, little I-V 220 
hysteresis was observed in the MBI film based solar cells. Moreover, we also demonstrated 221 
that a higher Voc of 0.51 V can be achievable when a planar structure (FTO/TiO2 BL/MBI 222 
film/P3HT/Au) was adopted (Fig S8). It is interesting and encouraging to discover that such a 223 
trivalent metal cation based organic-inorganic hybrid material shows photovoltaic effect and 224 
little I-V hysteresis, which provides us with a family of new possible candidates to replace 225 
lead/tin based perovskites in solution-processable solar cells with various trivalent metal 226 
cation according to the periodical table. 227 
The photocurrent of the MBI based solar cell was not very high, thus it is important to 228 
determine the contribution from the P3HT, which has been used as an active layer in polymer 229 
solar cells. We then assembled devices with a structure of FTO/TiO2 BL/TiO2 mpl+P3HT/Au 230 
and measured their I-V characteristic (Fig S9). The P3HT layer indeed contributes to the 231 
overall performance of the device. An efficiency of 0.061% was achieved based on the device 232 
structure of FTO/TiO2 BL/TiO2 mpl+P3HT/Au, while the efficiency of the device combined 233 
with MBI film is around 0.19%. The main contribution from the P3HT comes from the 234 
photocurrent density, which is around 41% of the total Jsc of the best-performing device. The 235 
photocurrent from the MBI film is relatively low in the assembled solar cells, which might be 236 
resulted from its inherent indirect large band gap. In addition, the excitons binding energy of 237 
the MBI crystal is estimated to be larger than 300 meV, which is much larger than the lead-238 
based organic-inorganic perovskite materials (circa 40 meV).
13,20
 The large excitons binding 239 
energy may partially explain the low open-circuit voltage in our devices because of 240 
photovoltage loss in dissociating excitons into holes and electrons.
7
 241 
Further, we studied the stability of the MBI film in the ambient air with an average 242 
humidity level of ~50%. The MBI film exhibited excellent stability over 40 days upon 243 
continuous exposure to the humidity and ambient air at room temperature, as is evident by the 244 
XRD patterns (Fig 6d). It is quite interesting to find that by simply changing the metal cation 245 
of the organic-inorganic hybrid material from tin/lead to bismuth, the moisture stability can 246 
be significantly improved, which may encourage more research to further explore lead-free 247 
and stable organic-inorganic hybrid materials by using different metal cation. 248 
Electrical properties of the MBI films  249 
Although some research work has been performed based on the MBI single crystal, to our 250 
knowledge, rare attention was paid to develop MBI films on certain substrates. Apart from 251 
fabricating the MBI films on the TiO2 mesoporous layer, we also managed to deposit the 252 
films on bare glass slides in order to measure its conductivity and Hall effect. It is worth 253 
noting that oxygen plasma is necessary as a pre-treatment technique to facilitate the spreading 254 
of the MBI precursor solution and enhance the film uniformity later on. Based on the MBI 255 
film fabricated on the glass slide, conductivity was measured by a Van der Pauw four-point 256 
probe and its average conductivity is around 0.0083 S/cm and resistivity is ~121.04 Ω∙cm. 257 
Hall effect measurement was performed as well to determine conducting type, carrier 258 
concentration and carrier mobility of the MBI film. According to the measurement, the Hall 259 
coefficients are positive, which confirms the positive sign of carriers (p-type) for the solution-260 
processed MBI film. The p-type characteristic of the MBI film was further confirmed 261 
qualitatively by Seebeck effect measurement. In fact, the computational calculation as well as 262 
the experimental determination of energy levels also suggests the p-type characteristic of the 263 
MBI film (Fig S5), which is in consistence with that of the Hall Effect results. Based on the 264 
Hall coefficient, the carrier concentration and carrier mobility can be determined based on 265 
equations (2) and (3), respectively. 266 
 267 
𝒏 =
𝟏
𝑹𝑯×𝒆
=
𝑰𝒔𝑩𝒛
𝐞𝑽𝑯𝒅
                       Equation (2) 268 
 269 
|𝑹𝑯| = 𝝁𝝆                                 Equation (3) 270 
 271 
In the equations, n is the carrier concentration, RH is the Hall coefficient, e is the 272 
elementary charge of an electron, Is is the electric current, d is the film thickness, Bz is the 273 
magnetic field, μ is the carrier mobility and ρ is the resistivity of the sample. 274 
The calculated carrier concentration of the MBI film is ~10
15
-10
16
 cm
-3
, (how does this 275 
value compared to lead based perovskite material?) which is much lower than that of pristine 276 
CsSnI3 (10
19
 cm
-3
) and comparable with SnF2 doped CsSnI3 (10
17
 cm
-3
).
10,24
 The high 277 
background carrier densities in the light-absorber may contribute to the bulk recombination, 278 
which may in turn reduce the open-circuit voltage (Voc) of the solar cells based on this 279 
material.
10
 Due to the high intrinsic background carrier densities, the reported Voc is only 0.01 280 
V for the pristine CsSnI3 and 0.24 V for SnF2 doped CsSnI3, much lower than that of achieved 281 
by planar MBI film based solar cells (0.51 V) in our case.
10
 Such a Voc tendency is consistent 282 
with the background carrier densities measured by the Hall Effect technique, suggesting that 283 
reducing the background carrier concentration may provide an alternative route to further 284 
improve the performance of solar cells based on the MBI. The carrier mobility of the MBI 285 
film is in the range of 1 ~ 11 cm
2
V
-1
s
-1
, which is 2~3 magnitude lower than that of 286 
CH3NH3SnI3 (~2320 cm
2
V
-1
s
-1
) and p-type CsSnI3 (~520 cm
2
V
-1
s
-1
). 
24
 Such a low carrier 287 
mobility in the MBI film may be responsible to the relatively low performance in MBI-based 288 
solar cells. (comments: the carrier mobility of pure lead based perovskite is just around 20 289 
cm
2
 V
-1
 s
-1
,
[see paper in JACS,2014, Author: Hikaru Oga et al] 
 which is comparable to the value to MBI. The 290 
energy band alignment and interfacial compatibility between MBI and TiO2 and the HTM 291 
could be the origin for the low performance of the device.)  Doping process, which has been 292 
demonstrated to be very effective in CsSnI3, might offer a solution to regulate the carrier 293 
concentration and carrier mobility for further improve the device performance of the MBI 294 
film based devices.
10
 295 
Apart from the high carrier concentration and low carrier mobility, the relatively large 296 
indirect band gap   the MBI should be one of the performance limitations (Is the light 297 
absorption of this material very weak? One of the features of indirect band gap material is its 298 
low light absorption coefficient.). Compared with solar cells based on the CsSnI3, one of the 299 
typical lead-free materials for solution-processable perovskite solar cells, the device 300 
performance was mainly contributed by its high photocurrent density (22.7 mA/cm
2
) due to 301 
its extremely low band gap (1.3 eV).
10,25
 Therefore, reducing the band-gap by developing 302 
other bismuth based organic-inorganic materials may be a promising strategy to further 303 
improve its solar cell performance and to this end, the highly tunable band-gap correlated 304 
with its organic groups has already provided many possible candidates.
15,16,26-28
 Considering 305 
the advantages of non-toxicity, stability in the ambient humid air and facile, low-temperature 306 
solution-processibility, the bismuth-based organic-inorganic hybrid materials presented here 307 
may open up a new alternative strategy towards lead-free perovskite solar cells. 308 
Conclusions 309 
In summary, we have presented the first demonstration of applying organic-inorganic 310 
methylammonium bismuth iodide in replace of lead/tin based perovskite materials in 311 
solution-processable solar cells. The organobismuth based material shows the advantages of 312 
non-toxicity, ambient stability and low-temperature solution-processibility, which may 313 
provide promising solution to address the toxicity and stability challenges in perovskite solar 314 
cells. The devices yielded a preliminary efficiency of ~0.19% with an open-circuit voltage of 315 
~ 0.51 V in its planar structure. Reducing the background carrier concentration and its optical 316 
band-gap may be two effective strategies for further improving the device performance. Also, 317 
this is the first demonstration of tri-valence metal cation based, solution-processable organic-318 
inorganic hybrid light-absorber for solar cell application, which may inspire more research 319 
work to develop and apply organic-inorganic hybrid materials beyond divalent metal cations 320 
(Pb (II) and Sn (II)) for solar energy utility. Furthermore, the facile low-temperature solution 321 
methods developed in this work for preparing methylammonium bismuth iodide (MBI) both 322 
in single-crystal and films on the substrates may facilitate further fundamental research and 323 
practical applications based on this material. 324 
Appendix A: Supplementary material 325 
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Table 1 Crystallographic data for MBI (CH3NH3)3Bi2I9 
a
 
 
Empirical formula  C3H18Bi2I9N3 
Formula weight  1656.26 
Wavelength, Å 0.71073 (Mo Kα) 
Crystal system  Hexagonal 
Space group  P 63/mmc 
a= b, c, Å 8.4668(6), 21.614(2) 
, , ° 90, 90, 120 
Volume, Å
3
 1341.9 (2)  
Z, ρcalcd (g cm
-3
) 2, 4.099 
Final R indices [I>2sigma(I)] 
b
 R1 = 0.0689, wR2 = 0.1672 
R indices (all data)
  b
 R1 = 0.0752, wR2 = 0.1723 
 
a Obtained by monochromated Mo Kα (λ = 0.71073 Å) radiation 
b 𝑹𝟏 = ∑||𝑭𝑶| − |𝑭𝑪||/ ∑|𝑭𝑶| , 𝒘𝑹𝟐 = [ ∑ 𝒘(𝑭𝒐
𝟐 − 𝑭𝒄
𝟐)𝟐/ ∑(𝑭𝒐
𝟐)𝟐 ]𝟏/𝟐 
 
Figure Captions: 
Fig. 1   Optical microscope image of single crystals of MBI; (b) Powder XRD patterns of 
MBI film: measured curve (red) and calculated curve from the single-crystal X-ray 
strucuture (black); (c) Reflectance spectrum of MBI film prepared on FTO/TiO2 
meoporous film and (d) Calculated spectrum according to the Kubelka-Munk 
equation. 
Fig. 2  SEM images of MBI film deposited on FTO/TiO2 BL (a) (b), and a bare glass 
substrate (c) (d). Images (b) and (d) are high magnification view of (a) and (c), 
respectively. Scale bars on the image (a-d) are 20 µm, 2 µm, 20 µm and 5 µm, 
respectively. 
Fig. 3   XPS spectra of a spin-coated MBI film on a FTO substrate: (a) I 3d, (b) Bi 4f, (c) N 
1s and (d) C 1s. 
Fig. 4   Results of first-principle calculations. (a) (b) Three-dimensional crystal structures of 
MBI viewed from different directions. (c) The calculated electronic band structure 
along highly symmetric pionts. (d) Total density of states (DOS) and contribution 
from selected orbitals for MBI. 
Fig. 5   KPFM measurement of the MBI crystal. (a) Colored microscopic optical image of 
MBI crystals. (b) Top-view morphology of a MBI crystal by AFM. (c) Surface 
potential image measured by KPFM and (d) its corresponding cross-sectional profile 
of the surface potentials plotted along the direction marked with the red line (d). The 
scale bars for (a), (b) and (c) are 20 µm, 2 µm and 20 µm, respectively. 
Fig. 6   (a) SEM image of a cross-sectional morphology of the best-performing device; (b) J-
V curve of the best performing device; (c) J-V curves of a device scanned from 
forward and reverse; (d) XRD patterns of the MBI film on the FTO substrate under 
different exposure time to the ambient air. 
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